The electrochemical behavior of thiamine on a self-assembled electrode of L-cysteine (Cys/SAM/Au) has been investigated and Cys/SAM/Au can be used to detect thiamine using square-wave voltammetry (SWV). At pH 11.40 Britton-Robinson buffer, thiamine exhibits a well-defined anodic peak on Cys/SAM/Au. Under the optimized conditions, the anodic peak current of SWV was linear with the content of thiamine in the range of 1.1 × 10 -8 -2.2 × 10 -6 mol/L; the detection limit was 5.5 × 10 -9 mol/L. The method was successfully applied to the determination of thiamine in pharmaceutical preparations.
Introduction
Thiamine (VB1) is an essential nutrient for humans to maintain normal neural activity and to prevent beriberi. In the literature various methods of thiamine determination have been reported, for example, fluorometric, 1-4 spectrophotometric, 5 flow injection analysis [6] [7] [8] [9] [10] and electrochemical methods. [11] [12] [13] [14] [15] However, the reported methods can cause problems concerning environmental pollution; also, these routine techniques have often not been deficiently sensitive. It is therefore important to establish highly sensitive methods for the determination of ultra trace amounts of thiamine.
The study of SAM based on chemisorbed alkanethiol, dialkyl sulfide compounds on gold surfaces has received much interest during the last decade. 16 They have provided routes for studying fundamental process such as electro-tunneling, adhesion and a biological interface, 17 while also providing a convenient approach for preparing a surface with pre-designed properties for analyte recognition, and thus have been important in the development of electroanalytical devices and chemical sensors. [18] [19] [20] Cysteine, which has an S-H group and a terminal group (-COOH or -NH2), is a functional X-Y biomolecular. 21 SAM of cysteine on gold (Cys/SAM/Au) has been studied by various groups, [22] [23] [24] [25] [26] [27] [28] [29] and has been widely used [30] [31] [32] [33] for electrochemical sensors.
It is an interesting research subject that SAM is utilized to determine drugs or pharmaceutical preparations for the quality control of drugs due to its high sensitivity and simplicity. Our previous work 32 focused on the determination of vitamin B2 in pharmaceutical preparations. In this work we investigated the electrochemical behavior of thiamine on Cys/SAM/Au. Based on its voltammetric behavior, a square-wave voltammetric method for the detection of thiamine was developed. The method was successfully applied to the determination of thiamine in pharmaceutical preparations.
Experimental

Reagents and chemicals
L-Cysteine (Cys) was purchased from the 1st Chemical Factory of Shanghai and thiamine was obtained from The 3rd Chemical Factory of Shanghai, China. All other chemicals were from Chemical Co. of China. All other solvents and reagents were of analytical-reagent grade, unless indicated otherwise. Twice-distilled water was used.
Apparatus
All electrochemical experiments were carried out on a CHI-660 electrochemical workstation (CH Instruments Inc., Cordova, USA) with a three-electrode system. The working electrode used was a Cys/SAM/Au. A twisted platinum wire was used as a counter electrode (CE), and a saturated calomel electrode (SCE) as a reference electrode (RE). All of the measurements were performed at room temperature (20 ± 1˚C).
Procedure Preparation of Cys/SAM/Au.
A gold disk electrode (0.03 cm 2 ) was employed as a working electrode. Before use, the gold electrode was polished with wet 0.3 and 0.05 µm alumina powder on a polishing cloth for 10 min, and rinsed several times with twice-distilled water. The polished electrode was then cycled between -0.2 and +1.5 V (vs. SCE) in 1.0 mol/L H2SO4 until a reproductive voltammogram was obtained. The surface roughness factor of the pretreated gold electrode, calculated as the ratio of the real surface area to the geometric one, was 1.2 ± 0.1. After the clean gold electrode was immersed in 10 mmol/L L-cysteine for 24 h, Cys/SAM/Au was obtained. The amount of surface adsorbed L-cysteine was 2.73 nmol/cm 2 .
Electrochemical experiments.
The preconcentration of thiamine was accomplished by immersing Cys/SAM/Au into a pH 11.40 Britton-Robinson (B-R) buffer containing a known amount of thiamine solution for a measured time. Then, cyclic voltammetry and square-wave voltammetry were performed. After each electrochemical determination, a fresh surface was generated. Scanning the electrode two times between -0.4 and +0.8 V in a pH 11.40 B-R buffer completed regeneration of the modified electrode. There should be no peaks in the potential scan range; otherwise, the regeneration must be repeated.
Sample preparation.
One gram of pulverized and dried thiamine hydrochloride powder was dissolved in the least necessary amount of water, transferred to a 100 ml standard flask and made up to the mark with water. Ten tablets were ground and the powder was mixed, dried and dissolved in the minimum of water; the solution was then filtered into a 100 ml standard flask and made up to the mark with water. The contents of 10 vials were transferred to a 100 ml standard flask and made up to the mark with water.
Results and Discussion
Electrochemical behavior of thiamine Figure 1 shows cyclic voltammograms (CV) of thiamine on Cys/SAM/Au. Curve a is the CV in the absence of thiamine when Cys/SAM/Au was scanning in a B-R buffer at the potential range from -0.2 V to 0.6 V; there were no peaks observed. Moreover, no peak was observed at a bare gold electrode (curve b) in the presence of thiamine. However, a well-defined peak was obtained on Cys/SAM/Au at the peak potential (Ep,a) of 0.33 V after adding 1.0 × 10 -6 mol/L thiamine, as shown in curve c. These results indicated that Cys/SAM/Au has electrocatalytic activity towards thiamine. Figure 2 shows cyclic voltammograms of thiamine on Cys/SAM/Au at different scan rates. We found that the peak current was linear with the scan rate, indicating that the process was adsorptive controlled. From this slope of the linear relationship the number of electrons (n) participating in the oxidation for thiamine can be calculated, 34, 35 and it was found to be 0.89.
A coulometeric study performed in a CHI electrochemical workstation also showed that the number of the electrons involved in the process was n = 1.12. 36 It is therefore reasonable to ensure an n value of 1 for the electro-oxidation of thiamine on Cys/SAM/Au. Moreover, the peak potential (Ep) shifts in a positive direction with increasing scan rate, which indicates that Ep is a function of the scan rate (ν). The peak potential shift (∆Ep) has been determined to be 30 mV for every ten-fold increase in the scanning rate. Theoretically, for an irreversible electron transfer process on the anode, ∆Ep equals 1.15(αnF) -1 (∆Ep = 28.5(αn) -1 at 15˚C) 37, 38 if α and n are the charge-transfer coefficient and the number of electrons transferred in the overall electrode process, respectively. Thus, the calculated value of αn is 0.950. Also if n = 1, then the value of α is 0.950.
Experiments have been carried out to examine the effect of the H + concentration on the electrochemical oxidation of thiamine. Data obtained under different pH values show that the anodic peak potential shifts to more negative potentials when the pH increases approximately from 7.4 to 11.9. Moreover, the peak potential is linear with the logarithm of the scan rate at different pH, and the slopes are all close to 60 mV. This result suggests that the protons of the electrochemical oxidation of thiamine remain unchanged over the pH range. We can obtained the reaction order in the H + ion through a plot of the logarithm of the scan rates versus the pH values at both constant E and [thiamine]. 39 The calculation result for the slope is 1.06. Therefore, the reaction order is 1 in hydrogen ion, which could be attributed to the electrochemical oxidation of thiamine to thiochrome. 40 The oxidation mechanism 40 can be expressed as follows: Figure 3 shows square-wave voltammograms of thiamine on Cys/SAM/Au with different contents in a pH 11.40 B-R solution. Although no peak was observed in the absence of thiamine (curve a), after adding thiamine, a very pronounced anodic peak could be observed, and the potential was 0.29 V. The content of thiamine for curve b was 1.0 × 10 -7 , and for curve c it was 1.0 × 10 -6 mol/L.
The parameters of square wave voltammetry (SWV) were optimized. Although these parameters are interrelated and have a combined effect on the response, only the general trends are examined.
The influences of the type and pH value of buffer on the peak current of thiamine on Cys/SAM/Au were tested.
The experimental results showed that the peak current of thiamine in the B-R system was much higher than that of other systems. The influence of the pH values on the peak current of thiamine was studied by recording a few voltammograms, each at a different pH value in B-R buffer (Fig. 4) . It is clear that a higher peak current can be obtained at pH 11.40. We thus chose pH 11.4 B-R buffer.
The applied potential range between -0.4 and +0.2 V was tested to determine the optimum potential, because the potential applied to the electrodes affects the efficiency of the adsorption during the adsorption step as a result of columbic effects and competitive adsorption 41, 42 in the SWV method.
The relationship between the peak current of thiamine and the accumulation potential is shown in Fig. 5 . The peak current is higher for an accumulation potential of -0.2 V, while at more negative potentials lower currents are observed. Therefore, an accumulation potential of -0.2 V was used in all experiments.
The peak current of thiamine on Cys/SAM/Au was found to gradually increase with increasing accumulation, and reached its maximum at 60 s, but became constant with longer accumulation times because a longer adsorption time will cause saturation of the surface of the electrodes; therefore, adsorption times of 60 s were used in different samples.
The effects of the pulse amplitude and the frequency on the peak current were studied. The results showed that the peak current linearly increased slowly from 10 to 40 mV, reached a maximum at around 40 mV and decreased markedly with increasing pulse amplitude. However, the peak current showed a linear relationship with frequency over the whole range studied (10 -120 Hz). Thus an amplitude of 40 mV and a frequency of 120 Hz were adopted as the optimum.
Under the optimized conditions, the peak current was linear with the thiamine concentration in the range of 1.1 × 10 -8 -2.2 × 10 -6 mol/L. The linear-regression equation is ip (µA) = 1.168 + 1.251c (µmol/L) (correlation coefficient R = 0.9995). The detection limit is 5.5 × 10 -9 mol/L.
Five successive determinations of 1.0 × 10 -6 mol/L thiamine gave a precision (in terms of the relative standard derivation, (RSD)) of 2.3%. The stability of Cys/SAM/Au was tested by repetitive scanning in 1.0 × 10 -6 mol/L thiamine. No visible changes were observed in the height after continuous scanning for about 800 hundred cycles. These results indicate that thiamine can be determined on Cys/SAM/Au within the above concentration range using SWV.
The influence of the interference was evaluated. No interference was caused in the presence of up to a 100-fold ratio of any of the other B-complex components, such as riboflavin (Vitamin B2), pyridoxine (Vitamin B6), cyanocobalamine (Vitamin B12), nicotinamide, notinic acid, calcium pantothenate, biotin and folic acid, or of chloride, sulfate and phosphate under the selected conditions. Applications Table 1 gives results obtained for the determination of thiamine hydrochloride in some pharmaceutical preparations. The average recovery was 98.2% of the nominal values and the relative standard deviation was 0.5%. Assays for thiamine in some multivitamin preparations before and after adding 10 mg pure thiamine hydrochloride gave recoveries within ±0.6% of the expected values.
A serious disadvantage of the reported methods, such as the British Pharmacopoeia method, 43 is that sillocotungstic acid gives sparingly soluble precipitates with the organic bases generally used in multivitamins. For this reason, the procedure is recommended for pharmaceutical preparations containing no other vitamins; otherwise, prior separation of thiamine is necessary.
Other techniques, such as fluorometry and spectrophotometry, cause environmental pollution, and flow injection analysis is time-consuming.
The proposed electrochemical method, however, offers a simple, rapid, precise and selective monitoring technique for the direct determination of thiamine in the presence of other vitamins in pharmaceutical preparations, and could be applied in clinical analysis and the determination of drug quantities.
